T oll-like receptors (TLRs) comprise a family of transmembrane proteins that recognize and bind different microbial components termed pathogen-associated molecular patterns (1) . A universal outcome of engaging all TLRs is the activation of the Rel͞NF-B and the mitogen-activated protein kinase (MAPK) signaling pathways (2) . Collectively, MAPKs comprise the extracellular signal regulated kinases (ERKs) and stress-activated protein kinases, the latter including c-Jun-N-terminal kinases (JNKs) and p38. Among the substrates phosphorylated by MAPKs in response to TLR signals are transcription factors required for the expression of genes encoding proinflammatory cytokines and immune mediators. Importantly, in the context of TLR-induced transcription, certain genes depend on the interplay of NF-B and MAPK-regulated transcription factors (3) (4) (5) (6) .
A key step in TLR-dependent NF-B and MAPK activation involves engaging mitogen-activated protein 3-kinases (MAP3Ks). One MAP3K, TAK1, is required for the activation of NF-B and MAPKs (7) (8) (9) . NF-B transcription factors are retained as latent complexes in the cytoplasm by IB proteins. In response to TLR engagement, TAK1 activation of the IB kinase complex results in IB phosphorylation, targeting it for ubiquitin-dependent proteasome-mediated degradation (7, 8) . This event liberates NF-B dimers for translocation to the nucleus (10) . TAK1 activates JNKs and p38 via the kinase intermediates MKK3 and MKK6 (2, 8) . In addition to TAK1, TLR4 signals have been shown to engage another MAP3K, Tpl2 or Cot (11) . Tpl2 was first identified as a target for proviral integration in retrovirus-induced T cell lymphomas and mammary carcinomas (12) (13) (14) . Enforced overexpression of Tpl2 was subsequently shown to activate ERK, JNK, and p38 and the transcription factors NF-AT and NF-B (15) (16) (17) . However, recent physiologically relevant studies using tpl2 Ϫ/Ϫ mice have established that in LPS-stimulated macrophages, Tpl2 is required for ERK, but not JNK or p38 activation (3, 11) .
In certain cell lines, Tpl2 was shown to exist in a cytoplasmic complex with p105, the precursor of the p50 NF-B1 transcription factor (18) . This interaction, mediated through the C termini of both proteins, is essential for stabilizing Tpl2 (18, 19) . LPS stimulation of wild-type macrophages, which results in Tpl2 activation and dissociation from p105, leads to MEK1-dependent ERK activation (19) . Because of rapid turnover of Tpl2 in the absence of p105 NF-B1, nfkb1 Ϫ/Ϫ macrophages like those from tpl2 Ϫ/Ϫ mice fail to activate ERK in response to LPS and, as a consequence, are deficient in the production of proinflammatory mediators such as TNF-␣ and Cox2 that depend on ERK-regulated transcription factors for their expression (3, 11, 19) .
The inability of nfkb1 Ϫ/Ϫ macrophages to activate ERK when stimulated with the TLR4 ligand LPS (19) prompted us to determine whether diverse TLRs use the p105͞Tpl2 complex for ERK activation or it is specific to TLR4. Here we report that ERK is activated via the Tpl2͞MEK1 pathway in bone marrowderived macrophages (BMDMs) in response to engaging TLR2, TLR3, TLR7, or TLR9 but fails to be phosphorylated in nfkb1 Ϫ/Ϫ BMDMs stimulated with ligands for these TLRs. Furthermore, B cells, but not keratinocytes from nfkb1 Ϫ/Ϫ mice, were also defective in ERK activation when stimulated with LPS or CpG. Coupled with the finding that Tpl2 expression was absent in normal keratinocytes indicated the requirement for TLR-dependent ERK activation may be cell type-specific. Consistent with TLR-mediated IL-10 expression being dependent on ERK-regulated transcription factors (20) , TLR activated nfkb1 Ϫ/Ϫ BMDMs make significantly less IL-10. Although a conditionally active version of the oncogenic MAP3K c-Raf could bypass the TLR-dependent ERK activation defect in nfkb1 Ϫ/Ϫ macrophages, IL-10 expression was not restored to wild-type levels, revealing a hitherto unknown ERK-independent role for NF-B1 in IL-10 expression. Collectively, our findings indicate that in macrophages and B cells, Tpl2 is an essential mediator of ERK activation in response to diverse TLR signals.
Results

ERK Activation in nfkb1
؊/؊ BMDMs Is Defective in Response to TLR2, TLR3, TLR7, and TLR9 Stimuli. The ERK activation defect in LPStreated nfkb1 Ϫ/Ϫ BMDMs, which coincides with markedly reduced levels of Tpl2, prompted us to determine whether ERK phosphorylation normally induced in wild-type BMDMs by other TLR ligands was also defective in these cells. Wild-type and nfkb1 Ϫ/Ϫ BMDMs were treated with peptidoglycan (PGN), double-stranded RNA (dsRNA), LPS, loxoribine (LXR), and CpG DNA, ligands for TLR2, TLR3, TLR4, TLR7, and TLR9, respectively. Cells of both genotypes were stimulated for various times over a 2-h period, lysed, and immunoblotting performed with phospho-ERK-specific antibodies (Fig. 1) . Consistent with previous reports, all TLR ligands activated ERK in wild-type macrophages, albeit with different activation kinetics and signal duration. In sharp contrast to normal BMDMs and as shown previously for the TLR4 ligand LPS (19) , none of the other TLR ligands examined were able to induce detectable levels of phospho-ERK in nfkb1 Ϫ/Ϫ BMDMs (Fig. 1 ). The ERK activation defect afflicting nfkb1 Ϫ/Ϫ BMDMs appeared to be a direct consequence of the failure to activate MEK1, the MAP2K directly upstream of ERK. Whereas MEK1 phosphorylation kinetics in wild-type BMDMs coincided with the induction of phospho-ERK, phosphorylation of MEK1 in response to the TLR ligands examined was absent in nfkb1 Ϫ/Ϫ BMDMs (Fig. 1) . To ensure the inability of TLR signals to activate ERK in nfkb1 Ϫ/Ϫ BMDMs did not simply reflect hyporesponsiveness of these cells to the concentrations of TLR ligands used in our initial experiments, wild-type and nfkb1 Ϫ/Ϫ BMDMs were stimulated over a range of CpG and dsRNA concentrations. Although ERK was activated to the same extent in wild-type cells at all concentrations of CpG and dsRNA tested, even the highest ligand concentrations (30 M and 500 g͞ml for CpG and dsRNA, respectively), which were 5-10 fold greater than those reported to effectively activate ERK, were unable to invoke ERK phosphorylation in nfkb1 Ϫ/Ϫ BMDMs ( Fig. 2A) . As reported for TLR4, JNK1͞2 and p38 were still activated in response to CpG and dsRNA in the absence of p105 NF-B1 (Fig. 7 , which is published as supporting information on the PNAS web site). Collectively, these findings indicate that ERK, but not JNK or p38 activation in BMDMs by a range of different TLR stimuli, is impaired in the absence of p105 NF-B1.
In addition to engaging the ubiquitous intracellular adaptor MyD88, TLRs use a number of adaptors that modulate the specificity, intensity, and duration of downstream signaling pathway activation (21) (22) (23) (24) . With the ERK pathway activated by TLR signals in both a MyD88-dependent and -independent manner (24, 25) , coupled with delayed ERK phosphorylation in myd88 Ϫ/Ϫ macrophages (25) , multiple adaptors appear to be required for optimal ERK activation. These observations raised the possibility that there may be a signal threshold for TLRmediated ERK activation that depends on distinct signaling intermediates regulated via different adaptors. To determine whether the TLR-dependent ERK activation defect exhibited by nfkb1 Ϫ/Ϫ BMDMs represents an inability to breach a signal threshold delivered via a particular adaptor, wild-type and nfkb1 Ϫ/Ϫ BMDMs were costimulated with PGN and dsRNA. In addition to using Myd88, these TLR2 and TLR3 ligands also signal through the adaptors TIRAP and TRIF, respectively. As shown in Fig. 2B , nfkb1 Ϫ/Ϫ BMDMs fail to activate ERK, even when costimulated through two TLRs that can use different adaptors to engage downstream signaling pathways. LPS stimulation of BMDMs leads to activation of the MAP3K Tpl2, which mediates ERK activation through MEK1 (19) . This finding, coupled with the inability of diverse TLR ligands to activate MEK1 and ERK in nfkb1 Ϫ/Ϫ BMDMs, prompted us to establish whether Tpl2 is normally activated by different TLR ligands. After a Ϸ30-min treatment of wild-type BMDMs with different TLR ligands, Tpl2 was immunoprecipitated from cell lysates by using a Tpl2-specific antiserum and the Tpl2͞antibody conjugates tested for the capacity to promote the phosphorylation of an ERK substrate in a coupled in vitro kinase assay. Kinase assays were not performed on nfkb1 Ϫ/Ϫ BMDMs, because Tpl2 kinase levels were previously shown to be undetectable in these cells because of Tpl2 instability in the absence of p105 (19) . As reported for LPS, stimulation with other TLR ligands (CpG, dsRNA, PGN, and loxoribine) led to a modest, yet reproducible, increase in activated Tpl2 levels in wild-type BMDMs (Fig. 3) , indicating that engaging each of the TLRs examined in this study leads to the activation of the MAP3K Tpl2.
Expression of an Inducible Form of Raf Can Overcome the ERK
Activation Defect in nfkb1 ؊/؊ Macrophages. Given Tpl2 appeared to be essential for initiating ERK activation in BMDMs stimulated with different TLR ligands, we investigated whether ERK phosphorylation in LPS-stimulated nfkb1 Ϫ/Ϫ BMDMs could be restored by an alternate MAP3K. To test this possibility an inducible form of the MAP3K Raf, comprising the catalytic domain of c-Raf fused to a version of the estrogen receptor hormone binding domain that specifically responds to the estrogen analogue 4-hydroxy-tamoxifen (4-HT) (26) was used. Normally, endogenous c-Raf is not activated in LPS-stimulated BMDMs (19) , reinforcing the notion that Tpl2 is the ERKspecific MAP3K engaged by TLRs in these cells. Treatment of nfkb1 Ϫ/Ϫ BMDMs expressing the Raf:ER fusion protein (hereafter referred to as nfkb1 Ϫ/Ϫ -Raf:ER) with 4-HT led to a dose-dependent induction of ERK1͞2 phosphorylation (Fig. 8 , which is published as supporting information on the PNAS web site). Furthermore, treatment of nfkb1 Ϫ/Ϫ -Raf:ER cells with an optimal dose (50 nM) of 4-HT led to rapid activation of MEK1 and ERK1͞2 with kinetics similar to that exhibited by TLR ligand-treated wild-type cells (Fig. 4A) . However, unlike the transient activation of ERK in response to LPS, 4-HT-induced ERK activation in cells expressing Raf:ER is sustained (26) due, in part, to a failure of negative feedback regulation by MAPK phosphatases to operate effectively. Importantly, in the context of the impaired TLR-mediated ERK activation observed in nfkb1 Ϫ/Ϫ BMDMs, whereas treatment of nfkb1 Ϫ/Ϫ -Raf:ER BMDMs with LPS alone failed to activate ERK, a combined LPS plus 4-HT treatment led to robust and sustained ERK activation (Fig. 4B ). These data indicate that the impaired phosphorylation of ERK in nfkb1 Ϫ/Ϫ BMDMs during LPS stimulation can be overcome by using a conditionally active version of Raf.
Induction of IL-10 After Treatment with LPS or CpG Requires ERK
Activation. Stimulation of cells with TLR ligands leads to the expression of genes encoding pro-and antiinflammatory cytokines, the balance of which determines the outcome of an immune response (27, 28) . IL-10 is one such cytokine, the transcription of which is ERK-dependent in TLR-stimulated dendritic cells and macrophages (20, 29) . The TLR-dependent ERK activation defect exhibited by nfkb1 Ϫ/Ϫ BMDMs prompted an assessment of IL-10 expression in these cells after TLR stimulation. Wild-type and nfkb1 Ϫ/Ϫ BMDMs were stimulated with LPS or CpG for 6 h, and IL-10 levels in culture supernatants were determined by using an IL-10 specific ELISA. The data summarized in Fig. 5A shows that nfkb1 Ϫ/Ϫ BMDMs produce significantly less IL-10 than wild-type cells in response to LPS or CpG. Moreover, when wild-type BMDMs were treated with LPS in the presence of the MEK inhibitors PD98059 or UO126, these cells now expressed IL-10 at reduced levels, similar to that of LPS-treated nfkb1 Ϫ/Ϫ BMDMs (Fig. 5B) . Although these data suggested that the compromised IL-10 expression in TLRactivated nfkb1 Ϫ/Ϫ BMDMs was likely to be a direct consequence of the Tpl2-dependent ERK activation defect, examination of IL-10 expression in nfkb1 Ϫ/Ϫ -Raf:ER BMDMs indicated that the relationship between TLR-mediated ERK activation and IL-10 induction was complex. Data summarized in Fig. 5C shows that the levels of IL-10 made by nfkb1 Ϫ/Ϫ -Raf:ER BMDMs in response to 4-HT plus LPS or CpG were as expected, higher than these cells treated with TLR stimuli alone. Nevertheless, a comparison of IL-10 expression by wild-type and nfkb1 Ϫ/Ϫ BMDMs expressing Raf:ER when treated with LPS or CpG in the presence of 4-HT revealed that nfkb1 Ϫ/Ϫ BMDMs still made significantly less IL-10 than wild-type cells. The difference in IL-10 expression by wild-type and nfkb1 Ϫ/Ϫ BMDMs expressing Raf:ER was not simply due to a differential level of ERK activation in response to the combined stimuli, because wild-type and nfkb1 Ϫ/Ϫ BMDMs expressing Raf:ER when treated with LPS and 4-HT displayed similar levels of phospho-ERK (Fig.  5D ). It also did not reflect a difference in the survival of wild-type and nfkb1 Ϫ/Ϫ BMDMs (C. White, unpublished results). Rather, these results, coupled with the finding that 4-HT activation of ERK in the absence of LPS was unable to induce IL-10 
expression in wild-type or nfkb1
Ϫ/Ϫ BMDMs expressing Raf:ER (Fig. 5C ), indicated that IL-10 expression is also reliant on TLR-induced ERK-independent signals. Although NF-B had not been thought to directly regulate IL-10 transcription, a recent report identified a novel B site in the murine IL-10 promoter that in macrophages was required for phorbol esterdependent IL-10 transcription and bound RelA in response to LPS stimulation (30) . Although the nuclear induction of RelA is not affected by the absence of NF-B1 (A.B., unpublished results), it was plausible that RelA binding to the IL-10 B element depended on NF-B1 and, as a consequence, was impaired in LPS activated nfkb1 Ϫ/Ϫ BMDMs. Whereas electrophoretic mobility shift assays demonstrated the rapid upregulation of a nuclear complex that bound the IL-10 B element in LPS-stimulated wild-type BMDMs, this complex was not induced in nfkb1 Ϫ/Ϫ cells (Fig. 9A , which is published as supporting information on the PNAS web site). Supershift analysis (Fig. 9B) confirmed that the induced complex mainly comprised NF-B1͞RelA, with NF-B͞c-Rel heterodimers also bound to this site. These findings indicate that NF-B1 appears to promote TLR-induced IL-10 transcription through a combination of direct NF-B-dependent and indirect ERK-dependent regulation.
p105 NF-B1 Is Required for ERK Activation in B Cells but Not
Keratinocytes Treated with TLR Stimuli. B cells and keratinocytes are examples of cell types other than macrophages that express TLRs (31, 32) . Consequently, we investigated whether ERK activation in B cells and keratinocytes stimulated with ligands for TLRs expressed by these cells also depended on the p105 NF-B1͞Tpl2 signaling pathway. These findings are summarized in Fig. 6 . In wild-type B cells, ERK is strongly, but transiently, activated in response to LPS or CpG. nfkb1 Ϫ/Ϫ B cells, however, only display weak activation of ERK in response to either TLR ligand, indicating that like BMDMs, p105 NF-B1 appears to be required for ERK activation downstream of TLR4 and TLR9 in B cells. In contrast, ERK phosphorylation in LPS-treated nfkb1 Ϫ/Ϫ keratinocytes was only marginally diminished compared to wild-type cells (Fig. 6B) , and unlike macrophages or B cells, was sustained in keratinocytes of both genotypes exposed to LPS. The finding that in the absence of p105 NF-B1, ERK activation was impaired in LPS-activated macrophages and B cells, but not keratinocytes, prompted an examination of Tpl2 protein expression in these different cell types (Fig. 6C) . Although Tpl2 L and Tpl2 S were expressed in wild-type macrophages and B cells, neither isoform was detectable in keratinocytes. Moreover, consistent with Tpl2 being stabilized by p105 NF-B1 in BMDMs, Tpl2 was also undetectable in nfkb1 Ϫ/Ϫ B cells. These findings indicate that distinct MAP3Ks are used for TLR4-mediated ERK activation in a cell type-dependent manner controlled, in part, by the expression pattern of MAP3Ks.
Discussion
Despite considerable advances having been made into understanding how TLRs engage key intracellular signaling pathways crucial in controlling innate and adaptive immune responses, the detailed mechanisms governing TLR-dependent transcription has received less attention. Multiple signaling pathways are activated in response to engaging TLRs, of which the IRF, NF-B, and MAP kinase pathways feature prominently. Of particular interest is how TLR-activated signaling pathways are co-coordinated to regulate transcription. Previous studies have shown TLR4 activation of ERK is impaired in nfkb1 Ϫ/Ϫ BMDMs due to an indirect effect the loss of p105 NF-B1 has on the stability of the MAP3K Tpl2 (19) . We have exploited this Tpl2 deficiency in nfkb1 Ϫ/Ϫ mice to examine the role of Tpl2 in ERK activation induced by diverse TLR signals in different cell types and to start examining how NF-B and ERK activation might coordinate gene expression. Here we establish that ERK is not activated in nfkb1
BMDMs treated with ligands for TLR2, TLR3, TLR7, and TLR9, even though these cells maintain normal activation profiles for JNK and p38 in response to these stimuli. Two independent lines of evidence indicate the inability of nfkb1 Ϫ/Ϫ BMDMs to activate ERK via diverse TLR signals does not simply reflect a failure to optimize TLR-dependent activation. First, TLR ligands used over a wide range of concentrations do not induce ERK phosphorylation in nfkb1 Ϫ/Ϫ BMDMs. Second, costimulation of nfkb1 Ϫ/Ϫ BMDMs with TLR2 and TLR3 ligands, which engage TIRAP and TRIF, respectively, also fail to rescue the ERK activation defect. This latter finding, which exploits the use of distinct TLR adaptors to activate signaling pathways, also indicates that this ERK activation defect appears to be distal to the TLR͞adaptor complex. Instead, the LPSdependent ERK activation defect in nfkb1 Ϫ/Ϫ BMDMs, originally described for LPS that is associated with a marked reduction of Tpl2 in these cells, also applies to other TLRs and indicates that most, if not all, TLR-mediated ERK activation in BMDMs is Tpl2-dependent. Consistent with this conclusion is the finding that Tpl2 is activated in wild-type BMDMs stimulated with pathogen-associated molecular patterns for TLR2, TLR3, TLR4, TLR7, and TLR9.
The apparent role of Tpl2 in TLR-dependent ERK activation was not restricted to BMDMs, with nfkb1 Ϫ/Ϫ B cells unable to activate ERK normally in response to LPS or CpG DNA. Despite the clear link between p105 NF-B1, Tpl2, and TLRdependent ERK activation in B cells and BMDMs, ERK activation was found to be relatively normal in LPS-stimulated nfkb1 Ϫ/Ϫ keratinocytes, a cell type that we show normally does not express Tpl2. Together, these findings indicate that TLRdependent ERK activation is not exclusively mediated by Tpl2. Coupled with a recent report showing Tpl2 was dispensable for ERK activation downstream of TLR9 in thioglycollate elicited peritoneal macrophages (TEPMs) (33) , the relationship between Tpl2 and TLR-mediated ERK activation in different cell types appears to be complex. In particular, the finding that TLR9-mediated ERK activation appears to use different MAP3Ks in two types of macrophages is intriguing. These observations may indicate that the activation status of a particular cell type, which is different for BMDMs and TEPMs, or prior encounter with microbial stimuli can also determine which MAP3K a cell will use to activate ERK in response to a TLR signal.
Although the reduced levels of Tpl2 in nfkb1 Ϫ/Ϫ BMDMs coincided with the TLR-dependent ERK activation defect, it remained to be shown formally that the ERK defect was indeed due to impaired MAP3K activity. This issue was examined by determining whether a distinct MAP3K normally not activated in BMDMs by TLR ligands could overcome the ERK defect in TLR-stimulated nfkb1 Ϫ/Ϫ cells. Expression of a conditionally active Raf:ER fusion protein was found to rescue the ERK defect in LPS-treated nfkb1 Ϫ/Ϫ BMDMs. Coupled with TLR activation of the JNK and p38, pathways remaining intact in nfkb1 Ϫ/Ϫ macrophages despite these MAPK pathways using the same TLR adaptors as the ERK pathway (25) strongly supports the notion that the ERK activation defect in certain nfkb1 Ϫ/Ϫ cells responding to diverse TLR signals indeed lies at the level of Tpl2.
Rescue of the ERK defect in nfkb1 Ϫ/Ϫ BMDMs by 4-HT activation of a Raf:ER fusion protein permitted an investigation of ERK-dependent gene expression in nfkb1 Ϫ/Ϫ BMDMs induced by TLR signals. Consistent with studies showing IL-10 transcription in dendritic cells and macrophage cell lines was ERK-dependent (20, 29) , IL-10 induction by TLR ligands was found to be defective in nfkb1 Ϫ/Ϫ BMDMs. A requirement for ERK signals as the explanation for defective TLR induced IL-10 synthesis by nfkb1 Ϫ/Ϫ BMDMs was supported by the finding that the MEK inhibitors PD98059 and U0126 reduced IL-10 levels in LPS-stimulated wild-type BMDMs to that observed for TLR4-activated nfkb1 Ϫ/Ϫ cells. However, 4-HT activation of Raf:ER, despite being able to induce ERK phosphorylation in both wild-type and nfkb1 Ϫ/Ϫ BMDMs, was unable to induce detectable levels of IL-10. Therefore, IL-10 production by BMDMs, in response to LPS or CpG, appears to be under both ERKdependent and -independent transcriptional control. This notion was supported by the finding that a combination of LPS and 4-HT induced higher levels of IL-10 in nfkb1 Ϫ/Ϫ BMDMs expressing Raf:ER than LPS treatment alone. Although NF-B1 had not previously been shown to regulate IL-10 transcription, a comparison of IL-10 production by wild-type and nfkb1 Ϫ/Ϫ BMDMs expressing Raf:ER revealed wild-type cells still made 30-50% more IL-10 when costimulated with 4-HT and LPS or CpG. This finding suggests that p50͞p105 itself also contributes to TLR-mediated IL-10 production in an ERK-independent manner. This conclusion is supported by a recent report showing RelA can directly regulate IL-10 transcription via a B element in its promoter (30) , which we show binds RelA͞NF-B1 and c-Rel͞NF-B1 dimers in LPS-activated wild-type macrophages. Notably, the absence of p50͞NF-B1 abolishes the binding of transactivating RelA and c-Rel dimer partners to the IL-10 B site, a finding that supports a direct role for NF-B1 in TLRinduced IL-10 transcription.
In summary, the results presented here show that Tpl2 is the MAP3K essential for ERK activation in TLR ligand-stimulated BMDMs and B cells but not keratinocytes. This finding, coupled with the expression pattern of Tpl2, raises the interesting possibility that Tpl2 is the primary regulator of ERK-mediated gene expression downstream of TLRs in the hemopoietic compartment. Finally, the finding that p50 NF-B1 and its precursor, p105 NF-B1, contribute to TLR-induced IL-10 expression in BMDMs in a direct and indirect ERK-dependent manner, respectively, highlights the utility of the model described here to study the joint contribution of the NF-B and ERK pathways in controlling TLR-mediated gene expression.
Materials and Methods
Reagents and Mice. Phospho-specific antibodies were from Cell Signaling Technology (Beverly, MA) and antibodies recognizing ERK, JNK, and p38 were from Santa Cruz Biotechnology. Polyclonal Tpl2 antiserum was a kind gift from S. Ley (National Institute for Medical Research, London). TLR ligands were obtained from the following sources: Escherichia coli LPS (Sigma), PGN (Fluka), dsRNA (Amersham Pharmacia Biosciences), CpG 1668 (Geneworks, Adelaide, Australia) and loxoribine (Invivogen, San Diego). PD98059 and U0126 were purchased from Calbiochem. All C57BL͞6 and nfkb1 Ϫ/Ϫ mice (34) (backcrossed to C57BL͞6 for nine generations) used in this study were 6-10 weeks of age.
Retroviral Construct, Hemopoietic Stem Cell Infections, and Recipient
Engraftment. The retroviral construct expressing a truncated version of c-Raf under the control of the estrogen receptor (pMy-IRES-GFP-Raf:ER) was made by subcloning the Raf:ER coding sequence from pMXi-EGFP:dRaf1:ER* (26) into the pMY-IRES-GFP retroviral vector (35) .
Mice were injected with 5-Fluoro-Uracil (188 g͞g of body weight) and 4 days later, bone marrow cells were harvested and cultured in DMEM containing 15% FCS, 10 ng͞ml mouse stem cell factor, 500 ng͞ml Flk ligand, 50 ng͞ml mouse Thrombopoetin, and 50 ng͞ml IL-6. On days 1, 2, and 3 of culture, cells were infected by using centrifugation (90 min at 1,200 ϫ g at 32°C) with polybrene (4 g͞ml) supplemented supernatant containing pMy-IRES-GFP-Raf:ER retrovirus. On day 5 of culture, bone marrow cells were harvested and Ϸ10 6 cells injected into the tail vein of irradiated (2 ϫ 550 Rad) C57BL͞6 Ly5.1 mice. Engrafted recipients were maintained on water containing neomycin sulfate in a pathogen-free environment for 8-12 weeks.
